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ABSTRACT: The existence of a zone containing a low
concentration of Y2BaCuO5 (Y-211) phase particles in the
vicinity of the seed in single grain, bulk Y−Ba−Cu−O
(YBCO) superconductors fabricated by the top seeded melt
growth (TSMG) technique has been reported, suggesting the
presence of low intrinsic magnetic ﬂux pinning, and hence
reduced trapped ﬁeld, in this region of the sample. The
possibility of introducing additional pinning centers in the
vicinity of the seed in single grain YBCO, therefore, may be
eﬀective in improving the applied magnetic properties of these
technologically important materials. Single grain, bulk YBCO superconductors fabricated from precursor pellets containing a
graded CeO2 composition have been prepared corresponding to a secondary phase content of 2 wt % CeO2 beneath the seed and
1 wt % CeO2 at the outer, “U” shape cross-section, of the sample. The resulting graded single grain YBCO superconductors
exhibit enhanced trapped ﬁeld compared to standard YBCO superconductors fabricated by TSMG from precursor pellets
containing purely 1 wt % CeO2. The inﬂuence of CeO2 content on the microstructure, growth process, and superconducting
properties of bulk, single grain YBCO superconductors fabricated by TSMG has been investigated and used to explain the
increased trapped ﬁeld ability of the graded composition.
1. INTRODUCTION
Bulk, single grain Y−Ba−Cu−O (YBCO) superconductors
have a signiﬁcant potential for high ﬁeld, permanent magnet
applications1 such as ﬂywheel energy storage systems2 and
magnetic bearings3 due to their ability to trap large magnetic
ﬁelds at the boiling point of liquid nitrogen (77 K).4 The ﬁeld
trapping ability of these technologically important materials
depends critically on the ability to engineer a rather uniformly
distributed high critical current density (Jc) throughout the
sample in the presence of an applied magnetic ﬁeld (B).5 From
a materials processing point of view, it is the control of a
uniform distribution of ﬂux pinning centers within the YBCO
matrix that is critical to ensure a uniform distribution of high Jc
throughout the bulk sample and therefore to yield a high
trapped ﬁeld.
The top seeded melt growth (TSMG) technique has been
established over the past 20 years as an eﬀective way of growing
bulk, single grain YBCO superconductors.6 In this process, an
excess of small Y2BaCuO5 (Y-211) phase particles is usually
added to the precursor powder to enhance the concentration of
unreacted, undissolved Y-211 inclusions in the superconducting
YBa2Cu3O7−δ (Y-123) phase matrix within the fully processed
bulk YBCO superconductor, which, in turn, create Y-211/Y-
123 interfaces that can act as eﬀective ﬂux pinning centers to
improve Jc of the single grain.
7 However, the presence of a zone
of low-Y-211 content, and therefore a region of low pinning
center density, in the vicinity of the seed crystal in single grain
YBCO has been discovered and reported by several groups.8−11
This zone of low pinning center density contributes to an
inhomogeneous distribution of Jc and therefore to a reduced
value of trapped ﬁeld value.12,13 As a result, it is important to
introduce additional pinning centers in the region of the single
grain in the vicinity of the seed in order to improve the ﬁeld
trapping ability of bulk YBCO superconductors for practical
applications.14
It has been reported that CeO2 particles can react with Y-211
particles prior to the melting process to produce BaCeO3
particles, which can form eﬀective ﬂux pinning centers.15−18
Moreover, CeO2 powders are usually added to the precursor
powders in the TSMG process as an eﬀective way of reducing
the size of Y-211 inclusions, and therefore to increase Jc
throughout the whole sample.15,16 Several groups have also
observed the “peak eﬀect” in the magnetization curve of bulk
YBCO superconductors processed with CeO2 additions.
19−22
This suggests that the introduction of additional CeO2 in the
vicinity of the seed during the melt process has signiﬁcant
potential for overcoming the problem of a low pinning centers
density at the center of YBCO superconductors grown using
the TSMG process.8
We have reported previously the successful fabrication of
bulk, single grain YBCO superconductors from precursor
pellets containing a graded Y-211 precursor composition using
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the TSMG process.23 In this paper, and based on this previous
work, we report the fabrication and characterization of bulk
YBCO superconductors from precursor pellets containing a
graded CeO2 composition, consisting speciﬁcally of 2 wt %
CeO2 + 70 wt % Y-123 + 30 wt % Y-211 in the vicinity of the
seed and 1 wt % CeO2 at the outer parts of the sample. Bulk,
ungraded YBCO superconductors fabricated from precursor
powders containing only 1 and 2 wt % CeO2, respectively, were
also grown by TSMG for purposes of comparison. The
inﬂuence of CeO2 content on the superconducting properties,
microstructure, and growth process of bulk YBCO super-
conductors was investigated initially as part of this study. The
growth morphology and superconducting properties of the
samples, in particular, have been studied and compared. The
trapped ﬁeld was determined by a rotating Hall Probe
arrangement, and the critical temperature and critical current
density were characterized using a SQUID magnetometer.
Finally, we investigate whether the addition of precursor
powder containing excess CeO2 to the center of the sample is
eﬀective in improving the ﬁeld trapping ability of bulk YBCO
superconductors for high ﬁeld, practical applications.
2. EXPERIMENTAL PROCEDURES
2.1. Preparation of Precursor Powders. Precursor powders
were prepared by mixing thoroughly commercially available Y-123, Y-
211, and CeO2 powders using a motorized pestle and mortar. The Y-
123 and Y-211 powders were supplied by the Toshima Manufacturing
Co. Ltd. and had a purity of 99.9% and particle size of 2−3 μm and
approximately 1 μm, respectively. The CeO2 powders were supplied
by Alfa Aesar and had a purity of 99.9%. Two types of precursor
powders were prepared by mixing the Y-123, Y-211, and CeO2
powders in diﬀerent weight ratios, and labeled based on their CeO2
content. The 1 wt % CeO2 precursor powders were prepared with a
component weight ratio of Y-123/Y-211/CeO2 of 70:30:1 and the 2
wt % CeO2 precursor powders with a ratio of 70:30:2.
2.2. Fabrication of Single Grain YBCO Superconductors. Two
types of ungraded green pellets were prepared initially from precursor
powders containing 1 and 2 wt % CeO2 by pressing uniaxially the
relevant powders into cylindrical pellets of diameter ∼16.0 mm and
thickness ∼7 mm under a load of between 2 and 3 tons. An NdBCO
single crystal seed, cleaved along the a/b plane, was placed at the
center of the upper surface of each green pellet. The green pellets were
then placed in the same chamber of a four-chamber furnace and
processed by TSMG using the temperature proﬁle shown in Figure 1a.
The as-grown samples were annealed at 450 °C for 7 days in ﬂowing
oxygen to transform fully the nonsuperconducting, tetragonal Y-123
phase to the superconducting orthorhombic phase. The as-grown
YBCO samples were labeled as #1W and #2W for the precursor
compositions containing 1 wt % CeO2 and 2 wt % CeO2 precursor
powders, respectively. The diameter and height of the as-grown #1W
and #2W YBCO superconductors were approximately 14 mm and 6
mm.
Precursor pellets containing a graded CeO2 composition were
prepared by arranging two types of precursor powders in a U-shape
geometry through the cylindrical pellet cross-section, with the 2 wt %
CeO2 precursor powders at the center and the 1 wt % CeO2 powders
in the outer U-layer of the samples, as shown schematically in Figure
2a. The graded-CeO2 precursor pellets had an overall weight of ∼20 g,
a diameter of ∼25 mm, and a thickness of ∼12 mm. The ungraded
precursor pellets containing only 1 wt % CeO2 and 2 wt % CeO2 had
the same volume as the graded-CeO2 precursor pellet to enable
meaningful comparison. The same TSMG and annealing processes
were used to fabricate single grain bulk YBCO superconductors from
both graded and ungraded precursor pellets, but with an adjusted
temperature proﬁle, as shown in Figure 2b. Three graded-CeO2 YBCO
superconductors (labeled as #G-1, #G-2, and #G-3), three 1 wt %
CeO2 containing (labeled as #1W-1, #1W-2, and #1W-3), and one 2
wt % CeO2 containing YBCO superconductors (labeled as #2W-1)
were prepared successfully and analyzed as part of this investigation.
The diameter and height of the as-grown YBCO superconductors were
approximately 20 mm and 9.5 mm, respectively.
2.3. Characterization. Samples #1W and #2W of diameter ≈ 14
mm were cut in half through the position of the seed using a diamond
wheel. The exposed cross sections were ground successively using 500,
800, 1000, 1200, 2400 grit SiC paper and polished additionally with 3
and 1 μm diamond spray using only ethanol for lubrication during the
polishing process. Backscattered electron scanning electron micros-
copy (SEM) images at magniﬁcation of 50 and 1000 times were taken
about 1 mm below the seed of samples #1W and #2W, respectively,
Figure 1. (a) Temperature proﬁle used to fabricate single grain YBCO samples #1W and #2W with a diameter of ∼14 mm. (b) Schematic cross-
section of a YBCO single grain, illustrating the position of the specimens for the measurement of Tc and Jc.
Figure 2. (a) Schematic diagram of a graded-CeO2 single grain sample processed from precursor powders containing 2 and 1 wt % CeO2 arranged in
a ‘U’-shape cross-sectional geometry. (b) The temperature proﬁle used to fabricate YBCO superconductors of diameter of ∼20 mm.
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using SEM (SEM S-3400N) to investigate the eﬀect of CeO2 addition
on the microstructure of the single grains.
The eﬀect of CeO2 addition on the superconducting properties of
the single grain samples was investigated by cutting small specimens of
size approximately 1.5 mm × 2.0 mm × 1.2 mm from diﬀerent
positions of samples #1W and #2W, as indicated in Figure 1b. These
specimens were used to measure the transition temperature (Tc) and
the critical current density (Jc) at 77 K at diﬀerent positions within
each parent bulk using a Quantum Design MPMS XL SQUID
magnetometer. The temperature dependence of magnetic moment
was measured using zero ﬁeld cooling method under an applied ﬁeld
of 20 Oe for the determination of Tc. For the measurement of the
magnetic moment loops, the applied magnetic ﬁeld was swept from
−6 to 6 T and a small scan length (3 cm) selected to ensure
reasonable ﬁeld uniformity. The extended Bean model24 was used to
calculate Jc(B) from the measured magnetic moment hysteresis loops.
Three graded-CeO2 YBCO superconductors, three YBCO super-
conductors containing 1 wt % CeO2 and one YBCO superconductor
containing 2 wt % CeO2 with a diameter of ∼20 mm were ﬁeld-cooled
to 77 K under an applied external magnetic ﬁeld of 1.2 T for trapped
ﬁeld measurement. The top surface of each sample was ﬂux mapped
using a rotating, linear array of 20 Hall probes positioned ∼0.5 mm
above the sample surface. The maximum trapped ﬁeld value was
calibration corrected from the data measured by a hand-held
Gaussmeter probe using the equation Bt,max = 0.8586Bhand + 0.0298,
which had been determined from a previous study. The three-
dimensional (3D) contour map of the trapped ﬁeld distribution
obtained by this process was adjusted and plotted using Origin
software.
3. RESULTS AND DISCUSSION
3.1. Growth Morphology. Figure 3 shows photographs of
the top surfaces of samples #1W and #2W, with diameters of
∼14 mm, respectively. It can be seen that both samples were
grown epitaxially from the seed into homogeneous single grains
with well-deﬁned facet lines and without subgrain formation.
This demonstrates clearly that YBCO single grains can be
fabricated successfully from precursor powders containing 1
and 2 wt % CeO2. However, it is noticeable that the facet lines
extend to the edge of the #1W YBCO single grain, but
terminate approximately 1 mm away from the edge of sample
#2W. It may be concluded that the growth rate of the single
grain is inﬂuenced by the CeO2 content, since the same
temperature proﬁle was used to process both samples, and,
from the growth morphology analysis, that the growth rate of
the YBCO single grain decreases as the CeO2 content in the
precursor powders increases.
3.2. SEM Examination. Piñol et al.15,16 reported that CeO2
reacts with Y-211 and Y-123 below the Y-123 peritectic
decomposition temperature, according to the following
reactions:
+ → + +Y BaCuO CeO BaCeO CuO Y O2 5 2 3 2 3
+
→ + +
δ−2YBa Cu O 3CeO
3BaCeO 5CuO Y BaCuO
2 3 7 2
3 2 5
The reaction product BaCeO3, which does not react with the
melt during the subsequent melt-process,16 can be recognized
readily in the backscattered electron SEM images, since its
contrast is signiﬁcantly greater than that of the Y-211 particles
and the Y-123 phase matrix.16
Backscattered electron SEM images at magniﬁcation of 50
and 1000 times were taken about 1 mm below the seed of
samples #1W and #2W, respectively, to investigate the eﬀect of
CeO2 addition on the microstructure of the single grains, as
shown in Figure 4. The lump of bright-in-contrast particles, in
Figure 4a,c of low magniﬁcation images, are BaCeO3 particles,
which are randomly distributed in the Y-123 matrix. It can be
seen more clearly from Figure 4b,d of large magniﬁcation that
BaCeO3 particles are embedded in the Y-123 matrix, which
have a bright-in-contrast and well-deﬁned, faceted shape. It is
clear from Figure 4 that the content of BaCeO3 particles
embedded in the samples is greater for sample #2W than for
sample #1W, which correlates directly, and perhaps unsurpris-
ingly, with the initial CeO2 content in the precursor powder.
3.3. Measurements of Tc. Figure 5 shows the results of the
measurement of the transition temperature (Tc) (B = 2 mT, B
∥ c) for samples #1W and #2W at positions 1A and 2A (Figure
1b). It can be seen that the onset Tc for both samples at both
positions is consistently around 90 K, and that the Tc of every
sample exhibits a relatively sharp transition. Therefore, both
samples #1W and #2W were well oxygenated and exhibit good
connectivity, which enables eﬀective comparison of their Jc-B
properties.
3.4. Estimation of Jc-B at 77 K. Figure 6a−d compares the
Jc-B (77 K, B ∥ c) curves of samples #1W and #2W at positions
1A, 2A, 1B, and 2B, respectively. The position of each specimen
is illustrated schematically in Figure 1b. Jc varies with position
within each specimen due directly to the eﬀects of grain
misorientation and defects, such as cracks, pores, and
impurities. As a result, four specimens at diﬀerent positions
within each sample #1W and #2W were selected and
characterized for comparison.
It can be seen from Figure 6a that Jc at position 1A is higher
for sample #2W than for sample #1W when the external
magnetic ﬁeld is between 0 T and ∼3 T. The rate of decrease of
Figure 3. Photographs of the top surfaces of samples #1W and #2W of
diameter of ∼14 mm.
Figure 4. Backscattered electron SEM images showing the micro-
structures of samples (a) #1W in magniﬁcation of 50×, (b) #1W in
1000×, (c) #2W in 50×, and (d) in 1000×.
Crystal Growth & Design Article
DOI: 10.1021/cg501724y
Cryst. Growth Des. 2015, 15, 907−914
909
Jc with increasing B for sample #2W at position 1A decreases
signiﬁcantly, and particularly for ﬁelds between ∼0.5 and ∼2 T,
where a value of around 10 000 A/cm2 is observed. However,
the Jc-B curve for sample #1W at the same position within the
single grain decreases continuously to about 7500 A/cm2 as the
magnetic ﬁeld increases to ∼2 T. The enhanced Jc at higher
magnetic ﬁeld for sample #2W is more pronounced at position
2A, as can be seen from Figure 6b. It is noticeable that the
values of Jc of sample #2W at position 2A are almost twice
those for sample #1W between ∼0.5 T and ∼2 T. Moreover,
the Jc values of sample #2W exhibit an upward trend as the
external magnetic ﬁeld increases in this ﬁeld region, whereas the
values of Jc for sample #1W continue to decrease. Although the
diﬀerence is not large, the Jc-B curves of sample #2W at
position 1B, are still higher than for sample #1W between ∼0.5
T and ∼3.5 T (Figure 6c). It is clear that the Jc-B curves for
sample #2W are generally higher than those for sample #1W in
ﬁelds of up to 4 T for position 2B (Figure 6d).
The Jc(B) results are in consistent with the observations
reported by several groups that there is “peak eﬀect” in the
magnetization curve of bulk YBCO superconductors processed
with CeO2 additions.
19,20,25,26 The explanations of this
phenomenon of enhanced critical current densities at higher
magnetic ﬁeld are either due to oxygenation stoichiometry or
Ce substitution. In the former case, it was considered that the
Ce additions lead to a denser sample, making oxygenation more
diﬃcult, hence the formation of a peak as a function of
oxygenation.20,26 On the other hand, MaGinn et al.19,25 believe
that the peak eﬀect is the result of Ce substitution into the Y-
123 lattice. In conclusion, it is clear from a comparison of the
ﬁeld-dependent Jc that the single grain YBCO sample grown
from precursor pellets containing 2 wt % CeO2 exhibit
enhanced critical current densities than those containing 1 wt
% CeO2. In addition, it is particularly evident that the
improvement in critical current density of the sample
containing 2 wt % CeO2 is more signiﬁcant at higher magnetic
ﬁeld (∼0.5 T to ∼2 T).
3.5. Analysis of Trapped Fields. Figure 7 shows
photographs of the top surfaces of all the three graded-CeO2
Figure 5. Measurement of Tc for samples #1W and #2W at positions
1A and 2A within the parent single grain.
Figure 6. Jc(B) for samples #1W and #2W at 77 K at positions (a) 1A, (b) 2A, (c) 1B, and (d) 2B in the parent single grain.
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samples, three samples containing 1 wt % CeO2 and one
sample containing 2 wt % CeO2, each of which have a diameter
of ∼20 mm. It can be seen that all seven samples exhibit well-
deﬁned, 4-fold growth symmetry, which indicates that each
faceted single grain has grown homogeneously.
Figure 8 shows the 3D contour plots of the trapped ﬁeld
distribution of the three graded-CeO2 samples, three 1 wt %
CeO2 containing and one 2 wt % CeO2 containing YBCO
superconductors (each with a with diameter of ∼20 mm) at 77
K. The color contour scale for the trapped ﬁeld for each sample
is the same in the ﬁgure. The maximum-trapped ﬁeld value for
each sample is shown above its associated 3D contour image. It
is clear from Figure 8 that all seven samples exhibit a single
peak in their trapped ﬁeld distribution proﬁle, which means
they are all well oxygenated and are the product of well-aligned,
single grain growth. The maximum-trapped ﬁeld values
observed for YBCO superconductors grown from precursor
powders containing 1 wt % CeO2 are 0.57, 0.61, and 0.58 T,
Figure 7. Photographs of the top surfaces the three graded-CeO2, the three 1 wt % CeO2, and one 2 wt % CeO2 single grain YBCO superconductor
with a diameter of ∼20 mm prepared as part of this study.
Figure 8. 3D contour maps of the trapped ﬁeld distributions of the three graded-CeO2, three 1 wt % CeO2 and one 2 wt % CeO2 single grain YBCO
superconductor with a diameter of ∼20 mm at 77 K.
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respectively. YBCO superconductors grown from graded-CeO2
precursor pellets show trapped ﬁeld values higher than the
samples containing 1 wt % CeO2, which are 0.63, 0.67, and 0.68
T, respectively. Therefore, the graded-CeO2 YBCO super-
conductors exhibit higher trapped ﬁeld values than YBCO
superconductors grown from precursor powders containing 1
wt % CeO2. The YBCO superconductor grown from precursor
powders containing 2 wt % CeO2 exhibit a maximum trapped
ﬁeld of 0.66 T, which is higher than the YBCO super-
conductors grown from precursor powders containing 1 wt %
CeO2, but lies generally within the range of the trapped ﬁeld
values observed for the graded-CeO2 YBCO superconductor.
From the above analysis, YBCO superconductors with a
diameter of ∼20 mm grown from the graded CeO2
composition generally exhibit higher values of trapped ﬁeld
than those grown from precursor powders containing 1 wt %
CeO2. Bulk, graded-CeO2 YBCO superconductors with a
relatively larger diameter of ∼25 mm and ∼31 mm were grown
subsequently for trapped ﬁeld analysis, in order to verify the
reliability of the graded-CeO2 TSMG method. Figure 9a−c
shows a photograph of the top surface of a bulk YBCO
superconductor of diameter ∼25 mm together with 3D and 2D
contour of the associated trapped ﬁeld distribution. Figure 9d−f
shows the corresponding characteristics of the graded bulk
YBCO superconductor with diameter of ∼31 mm. It can be
seen from the growth morphology that both graded-CeO2
samples were grown fully into well-aligned, YBCO single grains.
The 3D and 2D contour maps of the trapped ﬁeld distribution
Figure 9. (a) Photograph of the top surface of the graded-CeO2 YBCO superconductor with a diameter of ∼25 mm, (b) the 3D contour of the
trapped ﬁeld distribution and (c) the 2D contour map of the trapped ﬁeld distribution of this sample. (d) Photograph of the top surface of the
graded-CeO2 YBCO superconductor with diameter of ∼31 mm, (e) the 3D contour of the trapped ﬁeld distribution, and (f) the 2D contour map of
the trapped ﬁeld distribution of this sample.
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of both samples exhibit a single peak, which indicates a uniform
distribution of trapped ﬁeld within each sample. The maximum-
trapped ﬁeld value of the graded-CeO2 YBCO superconductors
of diameter ∼25 mm is 0.81 T at 77 K, which increases to 0.92
T at 77 K for the sample with a diameter of ∼31 mm. This
demonstrates clearly that bulk YBCO superconductors with a
large diameter can be grown successfully from precursor pellets
containing a graded CeO2 composition by the TSMG
technique.
It can be concluded from the trapped ﬁeld analysis that
YBCO superconductors grown from the graded CeO2
composition exhibit higher values of trapped ﬁeld than samples
grown from precursor powders containing 1 wt % CeO2. There
are two reasons contributing to this phenomenon. First, from
the SEM analysis, it can be concluded that the addition of
increasing quantities of CeO2 to the precursor powder
generates a greater concentration of BaCeO3 particles, which
can work as pinning centers,15−18 in the fully processed sample.
Since the YBCO superconductors processed from 1 wt % CeO2
precursor powders contain a relatively small number of Y-211
particles in the region of the sample in the vicinity of the seed,
there are only a limited number of ﬂux pinning centers, as
discussed in the Introduction.8,10 The addition of 2 wt % CeO2
to graded-CeO2 YBCO superconductors could generate
additional BaCeO3 inclusions, and therefore more pinning
centers, in the vicinity of the seed than that observed for the
samples containing 1 wt % CeO2. Second, from the Jc analysis,
we can conclude that the addition of 2 wt % CeO2 contributes
to an enhanced critical current density at a higher magnetic
ﬁeld (∼0.5 T to ∼2 T). Since the area beneath the seed
corresponds physically to the center of the sample, this area is
under the position of the highest value of magnetic ﬁeld
generated by the sample.27 From the trapped ﬁeld analysis, the
center of the graded-CeO2 YBCO superconductors experiences
a magnetic ﬁeld higher than 0.5 T. Therefore, the Jc(B) values
of the graded-CeO2 YBCO superconductor in the area beneath
the seed are higher than the sample containing 1 wt % CeO2
due to the enhanced Jc(B) eﬀect.
27 In conclusion, the peak
value of the trapped ﬁeld depends usually on sample size and
Jc(B).
6 The graded-CeO2 YBCO superconductors have more
BaCeO3 pinning centers and exhibit higher values of Jc(B) in
the area beneath the seed than the samples containing 1 wt %
CeO2, which contribute directly to the observed higher trapped
ﬁeld of the graded-CeO2 YBCO superconductors.
The YBCO superconductors containing 2 wt % of CeO2 also
exhibit higher trapped ﬁelds than the samples containing 1 wt
% CeO2. However, in this research, only one out of ﬁve sample
containing 2 wt % CeO2 YBCO with a diameter of ∼20 mm,
were grown successfully. The low success rate of the growth of
the YBCO superconductors containing 2 wt % CeO2 of
diameter of ∼20 mm is direct evidence of the reduced growth
rate due to the addition of 2 wt % CeO2. YBCO super-
conductors grown from the graded-CeO2 precursor powders,
on the other hand, were processed with a much greater success
rate. Graded-CeO2 YBCO superconductors with larger
diameters of ∼25 mm and ∼31 mm can also be grown
successfully, and also exhibit relatively high trapped ﬁelds.
Therefore, the graded-CeO2 bulk YBCO superconductors
exhibit both high trapping magnetic ﬁeld ability and can be
grown with a relatively high success rate, which is signiﬁcant for
the development of practical applications of these materials.
4. CONCLUSION
We have succeeded in enhancing the ﬁeld trapping ability of
bulk, single grain YBCO superconductors fabricated by the top
seeded melt growth technique by employing a graded CeO2
composition in the precursor pellet. Graded-CeO2 YBCO
superconductors, which contain 2 wt % CeO2 at the center and
1 wt % CeO2 at the outer parts of the sample, were fabricated
successfully as part of this study, overcoming the diﬃculties of
reduced growth rate associated with a higher CeO2
concentration at the center of the sample. The number of
BaCeO3 pinning centers generated in the superconducting Y-
123 phase matrix was increased in the single grain YBCO
fabricated from precursor powders containing 2 wt % CeO2. As
a result, enhanced values of Jc, and particularly at a higher
magnetic ﬁeld, have been observed in the Jc-B curves of these
single grain superconductors. Single grain samples grown from
graded-CeO2 precursor pellets exhibit trapped ﬁeld values (0.63
T, 0.67 and 0.68 T) that are signiﬁcantly higher than those of
the single grain samples containing 1 wt % CeO2 (0.57, 0.61,
and 0.58 T). Bulk, YBCO superconductors containing 2 wt %
CeO2 exhibit trapped ﬁelds as high as the graded-CeO2 YBCO
superconductors, although these samples cannot be melt
processed reliably. Large, bulk graded-CeO2 YBCO super-
conductors with diameters of ∼25 mm and ∼31 mm have been
fabricated successfully based on the results of this study and
observed to exhibit high trapped ﬁelds (0.81 and 0.92 T at 77
K). It is clear from this investigation that graded-CeO2 single
grain YBCO superconductors have the advantages of both
exhibiting high values of trapped ﬁeld and the potential to be
melt processed reliably with a high rate of success. Therefore,
we have demonstrated the graded-CeO2 TSMG process to be
eﬀective in growing single grain YBCO superconductors with
improved ﬁeld trapping ability, which is potentially signiﬁcant
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